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INTRODUCTION 

S p a t i a l  v a r i a t i o n  o f  o rgan ic  s u l f u r  concen t ra t i on  i n  coa ls  has been 
genera l l y  known f o r  years. 
microscope pe rm i t s  t h a t  v a r i a t i o n  t o  be measured more p r e c i s e l y  than  i s  
p o s s i b l e  by bu lk  techniques;  v a r i a t i o n s  may be measured over d i s tances  l e s s  
than  1 pm. 

microscope r e q u i r e s  use o f  u l t r a  t h i n  f i l m s  or very f i n e  powders. 
t y p i c a l l y  use f o i l s  l e s s  than  1 p m  th i ckness  o r  powders ground t o  a few vm. 
The organic  s u l f u r  con ten t  i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  count r a t e  f o r  
t h e  s u l f u r  Ka l i n e  t o  t h e  count  r a t e  f o r  t h e  background r a d i a t i o n  measured 
ove r  some convenient  energy i n t e r v a l .  
determined us ing  s u l f u r  standards. The techn ique  i s  h i g h l y  r e l i a b l e  f o r  
s u l f u r ,  as i s  shown i n  e a r l i e r  p u b l i c a t i o n s  (1-3). 
heav ie r  elements a l s o  u t i l i z e s  t h e  background r a d i a t i o n  t o  permi t  abso lu te  
numerical concen t ra t i ons  t o  be der ived.  

This  paper r e p o r t s  a p a r t i c u l a r  a p p l i c a t i o n  o f  t h e  TEM method t o  

The h i g h  r e s o l u t i o n  o f  t h e  t ransmiss ion  e l e c t r o n  

Measurement o f  o rgan ic  s u l f u r  con ten t  u s i n g  t h e  t ransmiss ion  e l e c t r o n  
We 

The p r o p o r t i o n a l i t y  constant  i s  

The P I X E  method f o r  

de te rm ina t ion  o f  t h e  s p a t i a l  v a r i a t i o n  o f  o rgan ic  s u l f u r ,  both w i t h i n  a g i ven  
maceral and among maceral types. Some o f  t h e  obse rva t i ons  r e p o r t  measurements 
on powdered specimens, o t h e r s  on f o i l  specimens prepared from bu lk  coal .  

SPATIAL VARIATION 

We have r e p o r t e d  seve ra l  measurements o f  t h e  s p a t i a l  v a r i a t i o n  o f  o rgan ic  
s u l f u r  i n  coa l .  
s u l f u r  content  o f  a s p o r i n i t e  maceral embedded i n  a l a r g e r  v i t r i n i t e  maceral 
i n  an I l l i n o i s  #5 coa l  i s  shown i n  F ig .  1. Several f ea tu res  a r e  ev iden t .  A 
cons ide rab le  v a r i a t i o n  e x i s t s  across a maceral, b u t  an even l a r g e r  v a r i a t i o n  
e x i s t s  between t h e  two macerals. 
concen t ra t i on  o f  o rgan ic  s u l f u r  t han  o f  t h e  v i t r i n i t e .  
commonly has a l ower  o rgan ic  s u l f u r  con ten t  t han  v i t r i n i t e  i n  a p a r t i c u l a r  
coal .  Th is  i s  e v i d e n t  f rom t h e  da ta  i n  F ig .  2 f o r  a r e s i n i t e  maceral embedded 
i n  v i t r i n i t e  i n  a b l o c k  o f  I l l i n o i s  #6. 

We c i t e  two new measurements here. The v a r i a t i o n  i n  o rgan ic  

The s p o r i n i t e  maceral has a much h i g h e r  
I n  con t ras t ,  r e s i n i t e  

MEASUREMENTS ON WHOLE COALS 

Many measurements have been made o f  t h e  organic  s u l f u r  con ten t  o f  whole 
coals ,  bo th  t o  f i n d  t h e  spread i n  s u l f u r  con ten t  and t o  determine t h e  average 
o rgan ic  s u l f u r  content .  
Premium Coal Bank. 
seven o f  t hese  coa ls .  
coals .  We have n o t  separated these coal  i n t o  maceral types,  so we do n o t  know 

A number o f  t hese  c o a l s  have been f rom t h e  Argonne 
We show i n  Fig. 3 t h e  s u l f u r  d i s t r i b u t i o n  ob ta ined  f o r  

The concen t ra t i on  v a r i e s  w ide ly  f o r  each o f  t h e  
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t h e  v a r i a t i o n  by maceral type. 
b i tuminous coa ls  separated i n t o  maceral f r a c t i o n s ,  though, and r e p o r t  such an  
obse rva t i on  i n  t h e  nex t  sec t i on .  

v a r i a t i o n  as t h e  da ta  o f  F ig .  3 show, bu t  t h e  average over  a number o f  
independent measurements has been f,ound t o  be ve ry  c l o s e  t o  t h e  average 
o rgan ic  s u l f u r  content  o f  t h a t  coa l  determined by b u l k  methods. 
made between e i g h t  coa ls  measured i n  t h e  TEM and t h e  repo r ted  o rgan ic  s u l f u r  
con ten t  measured by ASTM methods independent ly  shows good agreement, F ig .  4. 

We have repo r ted  measurements on o t h e r  

Measurements on i n d i v i d u a l  p a r t i c l e s  o f  a coa l  have cons ide rab le  

A comparison 

ORGANIC SULFUR CONCENTRATION FOR SEPARATED MACERALS 

V a r i a t i o n  i n  organic  s u l f u r  concen t ra t i on  can e a s i l y  be made f o r  maceral 
f r a c t i o n s  separated by dens i t y .  We have measured seve ra l  such f r a c t i o n s  
separated by Oyrkacz (4,5). Resu l t s  f o r  an Ind iana  b lock  coa l ,  a h i g h  
v o l a t i l e  b i tuminous (PSOC 106) a r e  shown i n  Fig. 5. There t h e  o rgan ic  s u l f u r  
concen t ra t i on  i s  p l o t t e d  as a f u n c t i o n  o f  t h e  d e n s i t y  o f  t h e  separated 
macerals. Approximate boundaries between e x i n i t e ,  v i t r i n i t e  and i n e r t i n i t e  
f o r  t h i s  coa l  a re  shown i n  t h e  f i g u r e .  
s u l f u r  concen t ra t i on  w i t h  dens i t y ,  r i s i n g  from t h e  i n e r t i n i t e s  th rough  t h e  
v i t r i n i t e ,  peaking a t  a d e n s i t y  near  1.20 g/cc and f a l l i n g  o f f  toward t h e  
l i g h t e r  f r a c t i o n s .  The peak a t  1.20 corresponds t o  t h e  macera l - type 
s p o r i n i t e .  

p a t t e r n ,  t h e  curve be ing  s h i f t e d  up o r  down i n  accordance wi th t h e  average 
o rgan ic  s u l f u r  content  (2). We f i n d ,  as d i d  Raymond e a r l i e r  (6 ) ,  t h a t  t h e  
average s u l f u r  con ten t  o f  t h e  whole coa l  i s  about t h a t  o f  v i t r i n i t e .  

The purpose o f  t h i s  paper i s  n o t  t o  emphasize t h e  average o rgan ic  s u l f u r  
concen t ra t i on  o f  coa l  o r  o f  separated macerals, bu t  t o  examine t h e  v a r i a t i o n  
o f  o rgan ic  s u l f u r  f rom p a r t i c l e  t o  p a r t i c l e  w i t h i n  a p a r t i c u l a r  maceral type. 
We show t h i s  i n  two steps. 

One sees a smooth v a r i a t i o n  o f  o rgan ic  

We have repeated t h i s  measurement f o r  f o u r  o t h e r  coa ls  and f i n d  t h e  same 

F i r s t ,  measurement o f  t h e  o rgan ic  s u l f u r  concen t ra t i on  o f  t h e  major  
maceral groups o f  t h e  Ind iana  Block Coal (PSOC 106) shows wide v a r i a t i o n .  The 
measurements a r e  shown i n  F ig .  6. One sees wide v a r i a t i o n ,  e s p e c i a l l y  f o r  t h e  
e x i  n i  t e .  

concen t ra t i on  f o r  each o f  t h e  separated d e n s i t y  f r a c t i o n s  p l o t t e d  i n  F ig .  3. 
Three of t h e  measurements a re  shown i n  F ig .  7 one f o r  each o f  t h e  major  
maceral groups. 
v i t r i n i t e  macerals o f  d e n s i t y  1.42 g/cc and 1.30 g/cc i s  again smal l .  
t h e  f r a c t i o n  a t  1.18 g/cc ( s p o r i n i t e )  t h e  range i s  s t i l l  enormous. Is t h i s  a 
r e s u l t  of maceral i m p u r i t y ,  o r  do pure macerals o f  t h e  e x i n i t e s  have an 
i n t r i n s i c  v a r i a t i o n  o f  s u l f u r  con ten t  which i s  ve ry  broad? 

t h i s  g r a v i t y - c e n t r i f u g e  process, we have made measurements i n  s i t u  f o r  4 
macerals of an I l l i n o i s  #5 coa l  (7) .  Those measurements a r e  p l o t t e d  i n  
F ig .  8, where they  a r e  compared t o  measurements on separated macerals o f  an 
I l l i n o i s  #5 coa l .  

Second, measurement has been made o f  t h e  v a r i a t i o n  o f  organic  s u l f u r  

The range o f  s u l f u r  concen t ra t i on  f o r  t h e  i n e r t i n i t e  and 
But f o r  

To make sure t h a t  t h i s  p a t t e r n  was no t  p e c u l i a r  t o  coa ls  separated by 

The agreement i s  s a t i s f a c t o r y .  
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DISTRIBUTION OF ORGANIC SULFUR I N  FINELY SEPARATED MACERALS 

A l a b o r a t o r y  f o r  separa t i ng  c o a l s  i n t o  submaceral types by t h e  dens i t y  
g rad ien t  method has been e s t a b l i s h e d  by P ro fesso r  C r e l l i n g  a t  SIU.  
t h e  techniques o f  Dyrkacz t o  t h e  extreme, he can prepare powdered macerals of 
even h i g h e r  p u r i t y .  He has s u p p l i e d  us w i t h  specimens f rom a b i tuminous c o a l  
# S I U  647 J, an Ind iana  paper coal .  We have measured t h e  o rgan ic  s u l f u r  
content  o f  f o u r  o f  t hose  specimens and show t h e  d i s t r i b u t i o n s  i n  F ig .  9. 

The o rgan ic  s u l f u r  con ten t  of specimen #1, a c u t i n i t e ,  i s  a narrow 
d i s t r i b u t i o n  wi th  an average value o f  about 0.45 wt%,  Fig. 9a. 
d i s t r i b u t i o n  i s  a s i n g l e  mode. 
somewhat lower  d e n s i t y ,  i s  a l s o  a s i n g l e  mode except f o r  4 i s o l a t e d  p o i n t s  a t  
a much h i g h e r  o r g a n i c  s u l f u r  concen t ra t i on ,  F ig .  9b. 
t h e  average o rgan ic  s u l f u r  concen t ra t i on  i s  0.57 w t % ,  n e g l e c t i n g  t h e  4 h i g h e s t  
p o i n t s  i t  i s  about 0.49. It i s  p o s s i b l e  t h a t  specimen #1 has a few macerals' 
o f  another  subtype w i t h  a h i g h e r  o rgan ic  s u l f u r  concentrat ion.  

By pushing 

The 
That o f  specimen #2, a l s o  a c u t i n i t e  w i t h  a 

I n c l u d i n g  a l l  po in ts ,  

That same t r e n d  con t inues  f o r  maceral t y p e  #3, a s p o r i n i t e  w i t h  a 
s p e c i f i c  g r a v i t y  about 1.16. 
coal ,  y i e l d i n g  a bimodal d i s t r i b u t i o n  shown i n  F ig .  9c. It would appear t h a t  
two maceral subtypes may be present ,  one w i t h  an o rgan ic  s u l f u r  con ten t  nea r  
0.4 w t % ,  t h e  o t h e r  nea r  1.3 wt%. Th is  same biomodal d i s t r i b u t i o n  i s  shown f o r  

One hundred measurements were made f o r  t h i s  

t h e  d e n s i t y  f r a c t i o n  near  1721, near  t h e  edge o f  t h e  v i t r i n i t e s ,  F ig .  9d. 
maceral t y p e  wi th  o rgan ic  s u l f u r  con ten t  near 0.40 must again be mixed w i t h  a 
maceral with o rgan ic  s u l f u r  content  s l i g h t l y  above 1.0. 

A 

These measurements seem t o  show t h a t  macerals separated on a d e n s i t y  
bas i s  may n o t  be "pure". Thus t h e  broad ranges o f  da ta  i n  F igs.  4 and 5 may 
demonstrate t h a t  macerals separated by d e n s i t y  techniques may c o n t a i n  two o r  
more submaceral f r a c t i o n s .  I f  one considers t h e  da ta  o f  F igs .  9c and 9d, t h e  
values f o r  t h e  i n d i v i d u a l  modes among t h i s  bimodal d i s t r i b u t i o n  show a 
v a r i a t i o n  o f  n o t  more than  k20%, a va lue n o t  much d i f f e r e n t  f rom t h e  
v a r i a t i o n s  seen i n  F ig .  1 f o r  t h e  i n - s i t u  macerals, which a re  assu red ly  a more 
pure type,  a t  l e a s t  l o c a l l y .  

C h l o r i n e  D i s t r i b u t i o n  i n  Coal 

The Ind iana  b i tuminous coal ,  PSOC 106, a l s o  con ta ins  c h l o r i n e .  We have 
measured t h e  s p a t i a l  v a r i a t i o n  o f  c h l o r i n e  i n  t h e  separated macerals; 
measurements a r e  shown i n  F ig .  10. 
i s  r e l a t i v e l y  smal l ,  about 0.35 wt%. I n  v i t r i n i t e  and i n e r t i n i t e  t h e  range i s  
r e l a t i v e l y  small ,  f rom about 0.15 t o  about 0.55 wt%. 
t h e  c h l o r i n e  con ten t  i s  much l a r g e r  on t h e  average and t h e  spread i s  much 
h igher ,  n e a r l y  a f a c t o r  o f  10. We have n o t  measured t h e  c h l o r i n e  d i s t r i b u t i o n  
i n  t h e  macerals separated on a f i n e r  sca le,  b u t  i t  would be e a s i l y  f e a s i b l e .  

The average c h l o r i n e  con ten t  o f  t h i s  coa l  

For  t h e  e x i n i t e s  again, 

Organic I r o n  i n  Coal 

We o c c a s i o n a l l y  observe x-ray l i n e s  f o r  i r o n  i n  reg ions o f  t h e  f o i l  i n  
which these  a r e  n o t  observable p r e c i p i t a t e s ,  n o r  x- ray l i n e s  o f  any o t h e r  
element. We have concluded t h a t  t hese  x-rays must show t h e  presence o f  
o rgan ic  i r o n .  An example i s  shown f o r  I l l i n o i s  #5 coa l  i n  F ig.  11. The 
q u a n t i t y  i s  q u i t e  smal l ,  l e s s  than 0.1 w t % .  No v a r i a t i o n  among t h e  t h r e e  
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major  maceral groups was observed. 
o x i d e  p a r t i c l e s  may be p resen t ;  bu t  t h e y  must be l e s s  than  perhaps 3 nm i n  
s i z e  o r  we cou ld  de tec t  t h e i r  presence. 

O f  course, one always w o r r i e s  t h a t  f i n e  

SUMMARY 

The TEM method f o r  measuring o rgan ic  s u l f u r  concen t ra t i on  i s  most 
va luab le  when i t s  f i n e  s c a l e  s p a t i a l  r e s o l u t i o n  can be u t i l i z e d .  
demonstrated t h a t  t h e  v a r i a t i o n  o f  o rgan ic  s u l f u r  i s  about f10% o f  t h e  average 
when measured over  d i s tances  separated by 1 m. 
i n  showing t h e  organic  s u l f u r  v a r i a t i o n  i n  minute p a r t i c l e s  o f  separated 
macerals. Apparently, i t  i s  very d i f f i c u l t  u s i n g  d e n s i t y  techniques t o  o b t a i n  
pure maceral types. 
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Fig. 1. Organic sulfur trace across a soorinite maceral 
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Fig. 2. Organic sulfur trace across a resinite maceral 
embedded in vitrinite. Illinois #6. 
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Upper Freeport 

5 7 5  1.0 .25 .S .75 

Lewiston - Stockton 

0 .25 .5 .75 1.0 0 .25 .5 .75 1.0 
No. Name ' %  

yoda k- Anderson I Upper Freieport 0.7 
20 2 Wypdak- Anderson 0.46 

3 I l l inois #6 2.54 % 

IO 5 Pocahontas# 3 0.57 
6 Blind Canyon 0.38 
7 Lewlston -Stockton 0.64 0 

0 .s I .o 
8 Eeulah-Zap 0.53 

Organic Sulfur 
Fig. 3. Distribution of organic sulfur in seven whole coals from the 

Premium Coal Bank. 
sulfur concentration for each coal. 

The inset Table gives the average organic 
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Fig. 4. Comparison of organic sulfur concentration 
measured by the TEM method and by the ASTM method. 

?Or. 1. 

Bituminous coal 
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Fig. 5. Variation o f  organic sulfur for macerals separated 
by density. Indiana Block coal. 
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Exinite 
Ave. = 1.2 w t  O/O 

0 

Inertinite I Ave.= 0.42 wt O/O 

Indiana bituminous 
PSOC 106 

1L 

Ave. = 0.62 wt V0 

F i g .  6. D i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  f o r  t h e  major  maceral 
types. 

IO 
YO 

0 
1.6 2.0 2.4 YO 0 0.4 0.8 1.2 

F i g .  7 .  D i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  f o r  3 s p e c i f i c  d e n s i t y  
Sorg 

s p l i t s ,  see Ref. 2 f o r  d i s t r i b u t i o n  o f  o t h e r  s p l i t s .  
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OI:O 1. I 1.2 1.3 1.4 1.5 gkc 

Density 
Fig.  8. Comparison of organic  s u l f u r  c o n t e n t  o f  s e p a r a t e d  

and i n  situ macerals .  

Indiana paper coal SIU 647J 
Cutinita p = 1.12 g/cc 

Cutinlte /3 8 1.06 g/cc 

Sporinite f g1.16 g 

Sporinite p* 1.21 g/cc S * .78 w t  % 

0 .s 1.0 I .s 2.0 K 

F i g .  9 .  D i s t r i b u t i o n  of o r g a n i c  sulfur i n  f i n e  d e n s i t y  
s p l i t s  o f  an e x i n i t e .  
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Indiana bituminous 20 

0x3 PSOC 106 

CHLORl NE 
Fig. 10. Distribution o f  chlorine content o f  a bituminous coal 

as a function o f  maceral type. 

1 llinois R'5 
Organic Fe 
Average e'700pprn 

Fig. 11. Distribution of organic iron in a specimen of Illinois #5. 
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